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CisplatinMetal coordination is required for function of many proteins. For biosynthesis of proteins coordinating a
metal, the question arises if the metal binds before, during or after folding of the polypeptide. Moreover,
when the metal is bound to the protein, how does its coordination affect biophysical properties such as sta-
bility and dynamics? Understanding howmetals are utilized by proteins in cells on a molecular level requires
accurate descriptions of the thermodynamic and kinetic parameters involved in protein–metal complexes.
Copper is one of the essential transition metals found in the active sites of many key proteins. To avoid tox-
icity of free copper ions, living systems have developed elaborate copper-transport systems that involve ded-
icated proteins that facilitate efﬁcient and speciﬁc delivery of copper to target proteins. This review describes
in vitro and in silico biophysical work assessing the role of copper in folding and stability of copper-binding
proteins. Examples of proteins discussed are: a blue-copper protein (Pseudomonas aeruginosa azurin), mem-
bers of copper-transport systems (bacterial CopZ, human Atox1 and ATP7B domains) and multi-copper fer-
roxidases (yeast Fet3p and human ceruloplasmin). The consequences of interactions between copper
proteins and platinum-complexes are also discussed. This article is part of a Special Issue entitled: Cell Biol-
ogy of Metals.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
To understand biological function and malfunction on a molecular
level, not only the folds of the involved proteins are important to de-
ﬁne but also thermodynamic and kinetic aspects of reaching these ac-
tive structures. Most proteins fold spontaneously to unique and
biologically-active three-dimensional structures. Notably, these states
are not static structures; often conformational dynamics play key
roles in protein function [1]. The relatively small magnitude in the
overall stability of many proteins means that spontaneous unfolding
occurs with a frequency such that a continuous refolding process is
important to maintain biological activity in vivo. Through pioneering
in vitro and in silico work during the last three decades, using for ex-
ample protein engineering [2] and energy landscape theory [3], sig-
niﬁcant progress has been made to pinpoint mechanisms and
driving forces important for protein folding. Most in vitro studies of
protein folding and folded-state stability involve equilibrium and ki-
netic (stopped ﬂowmixing [4]) experiments using chemical denatur-
ants, such as urea and guanidine hydrochloride (GuHCl), or heat to
perturb the structure [5]. The conformational states of the protein at
different conditions are often probed by spectroscopic methods that
report on different aspects of the structure (Fig. 1).iology of Metals.
ittung-Stafshede).
l rights reserved.Polypeptide folding can be viewed as a search of conformational
space on a funneled-shaped energy surface. For many small, single-
domain proteins (b100 residues) this energy surface is smooth and
the proteins fold by two-state equilibrium and kinetic mechanisms
[6]. For these proteins, the formation of the transition state is rate-
limiting for folding to the native state (Fig. 1). As the transition
state is short-lived, its structural characteristics must be inferred indi-
rectly. The ϕ-value approach is an experimental strategy (based on
point mutations) for obtaining residue-speciﬁc information about in-
teractions in the folding transition state [7–9]. Proteins longer than
100 residues often populate intermediate conformations, either tran-
siently or at equilibrium [10, 11], which corresponds to a rugged en-
ergy surface. Folding intermediates may be on-pathway (i.e.,
facilitating the reaction) or off-pathway (i.e., acting as traps that
may lead to aggregation) [12].
More than 30% of all folded proteins coordinate a metal to obtain a
desired function [13]. Metals may play structural roles (i.e., zinc in
zinc-ﬁnger domains) or enzymatic roles (i.e., zinc in carbonic anhy-
drase). Metal-binding proteins fold in cellular environments where
their cognate metals are present free in solution or bound to delivery
proteins. The questions arise as to (a) when during polypeptide fold-
ing the metal binds or is delivered, and (b) what effects the metal has
on the folded state properties (i.e., conformational dynamics, struc-
ture, and stability). It has been demonstrated in vitro that some
metalloproteins retain speciﬁc metal–protein interactions after poly-
peptide unfolding [14–16]. Based on this one may speculate that in
vivo metals may interact with their corresponding proteins prior or
Denaturant Denaturant
1
0
ln
 k
Fl
uo
re
sc
en
ce
Ci
rc
ul
ar
 D
ich
ro
ism
Ab
so
rb
an
ce
700280 Wavelength (nm)
500300 Wavelength (nm)
260210 Wavelength (nm)
A
B
C
D E F
Fig. 1. Common spectroscopic methods and experimental approaches used to study protein folding and stability in vitro (red, folded; blue, unfolded). A. Visible absorption of metal-
ligand bonds reveals information on cofactor coordination (here folded and unfolded Cu-loaded azurin). B. Fluorescence from aromatic residues report on local environment, ter-
tiary interactions and solvent exposure (here folded and unfolded apo-azurin). C. Far-UV CD reports on the environment of stereochemically active units (such as amino acids in the
far-UV range) and therefore provides information on the secondary structure content of proteins (here folded and unfolded Cu-azurin). Equilibrium and kinetic analyses of folding
reactions are used to deﬁne protein stability, rate constants and probe folding-transition state structures (via ϕ-values). D. Energy diagram for a protein folding with a two-state
mechanism (only folded and unfolded states are populated and they are separated by a high energy barrier called the transition state). E. Two-state equilibrium unfolding curve
(fraction folded on y axis, chemical denaturant or temperature on x axis). F. A semi-logarithmic graph, so-called Chevron plot, of observed rate constants as a function of chemical
denaturant for a two-state kinetic reaction (here, data for apo-azurin is shown).
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guide, the folding reaction. However, the in vivo scenario will also de-
pend where the polypeptide is translated, what cellular/extracellular
compartment the protein is destined for, and at what stage during
transport, the metal becomes available. Metal coordination has been
found to both stabilize and destabilize the folded states of their corre-
sponding proteins in vitro [14, 15, 17].
2. Many proteins need copper for function
Copper (Cu) is an essential metal in humans and is found in the
active sites of proteins that participate in cellular respiration, antiox-
idant defense, neurotransmitter biosynthesis, connective-tissue bio-
synthesis and pigment formation [18–20]. Non-bonded Cu ions aretoxic due to their ability to catalyze the formation of free radicals
and their interference with Fe–S cluster assembly [21]. To aviod tox-
icity and to overcome solubility problems of Cu1+, the intracellular
concentration of Cu is regulated via dedicated proteins that facilitate
its uptake, efﬂux as well as distribution to target Cu-dependent pro-
teins and enzymes [22–24].
In human cells, Cu1+ is translocated from the plasma to the cyto-
plasm by high-afﬁnity membrane-spanning proteins of the Ctr1 fam-
ily [24–26]. Cu transport in the eukaryotic cytoplasm is facilitated by
Cu chaperones. In the general path, the human copper chaperone
Atox1 mediates Cu delivery to proteins that are made in the secretory
pathway. Atox1 interacts directly with metal-binding domains of the
copper-transporting P1B-type ATPases ATP7A (i.e., Menkes disease
protein or MNK) and ATP7B (i.e., Wilson disease protein or WND)
1596 M.E. Palm-Espling et al. / Biochimica et Biophysica Acta 1823 (2012) 1594–1603proteins localized in the trans-Golgi network. Structural work has
demonstrated that these Cu chaperones and target metal-binding do-
mains from many different organisms possess the same ferredoxin-
like fold and surface-exposed copper-binding motif [25]. MNK and
WND have multi-domain structures with six cytoplasmic metal-
binding domains (like pearls on a string), a nucleotide-binding do-
main, an actuator domain, a domain for catalytic phosphorylation
and eight membrane-spanning helices that is thought to include a
channel for Cu [27] (Fig. 2). It is generally assumed that Atox1 de-
livers Cu to metal-binding domains in MNK/WND that in turn trans-
fers the metal to the trans-membrane Cu channel, although direct
transfer from metal-binding domains to the channel has not been
demonstrated [28]. Notably, recent data for the Archaeoglobus fulgidus
CopA system demonstrated that Cu can be transferred directly from
the CopZ chaperone to the CopA trans-membrane site [29]. This ob-
servation suggested that the metal-binding domains may play a reg-
ulatory role in some of these proteins. Driven by ATP hydrolysis, the
MNK/WND proteins transfer Cu to the lumen of the trans Golgi,
where the metal is loaded onto target proteins. It is unclear how Cu
is loaded onto proteins in the trans-Golgi network: ATP7A, but not
ATP7B, has a long luminal peptide loop (between membrane-
spanning helices 1 and 2) that was found to contain Cu-binding
sites [30]. Since the pH in the trans Golgi lumen is below 7 [31], it is
possible that proteins are unfolded or partially folded when acquiring
Cu in this pathway. Many human copper-dependent enzymes (e.g.,
blood clotting factors, tyrosinase, lysyl oxidase and ceruloplasmin)
traverse the secretory pathway and acquire Cu, from either WND or
MNK, in the Golgi before reaching their ﬁnal destination. For tyrosi-
nase it was demonstrated that Cu loading in the Golgi is inefﬁcient
and that the protein is reloaded with Cu from ATP7A in specializedMetal binding
domains A domain
N
Fig. 2. Schematic diagram of ATP7A/B with all its domains. In the cytoplasm: the six metal-
domain (A-domain), and the domain for catalytic phosphorylation (P-domain). The eight morganelles called melanosomes [32]. Genomic analysis has revealed
the presence of Atox1 and WND/MNK homologs in almost all se-
quenced genomes [33].
In the following sections, we focus on in vitro folding and stability
studies on selected Cu-dependent enzymes and Cu-transport proteins
from humans, bacteria and yeast. This type of biophysical insight pro-
vides a complement to structural information and in vivo experiments:
together, these approaches may provide better understanding of
how living organisms distribute and exploit Cu ions on a molecular
level.
3. The cupredoxin azurin
Pseudomonas aeruginosa azurin is an excellent model for basic
biophysical folding/binding studies. It is a small (128 residues)
blue-copper protein that is believed to facilitate electron transfer in
de-nitriﬁcation and/or respiration chains [34]. Azurin has one α-
helix and eight β-strands that fold into a β-barrel structure arranged
in a double-wound Greek-key topology [34, 35] (Fig. 3). In P. aeruginosa
azurin, the redox-active copper (Cu1+/Cu2+) is coordinated in a trigo-
nal bipyramidal geometry by two histidine imidazoles (His46 and
His117), one cysteine thiolate (Cys112), and two weaker axial ligands,
sulfur of methionine (Met121) and carbonyl of glycine (Gly45). The
polypeptide fold appears to deﬁne the exact geometry of the metal
site, leading to an unusual Cu2+ coordination in azurin as well as in
other blue-copper proteins [36]. In vitro, P. aeruginosa azurin can
bind different metals in the active site (e.g., zinc or Zn). Crystal struc-
tures have shown that the overall three-dimensional structure of
azurin is identical with and without a metal (Cu or Zn) cofactor
[35, 37].P domain
Cu
 domain
binding domains (WND1-6), the nucleotide binding domain (N-domain), the actuator
embrane-spanning helices are proposed to form a Cu channel.
Fig. 3. Structural models of the main copper-binding proteins that are discussed in this chapter (i.e., A. Atox1, B. CopZ, C. azurin, D. ceruloplasmin and E. Fet3p) with the copper ions
and coordinating protein side chains emphasized, the latter for all but ceruloplasmin. For Atox1 discussed mutated side chains are shown.
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reduced (Cu1+) azurin showed two-state like transitions for both
forms but that the oxidized protein is more stable than when reduced.
Surprisingly, at that time, the metal (Cu or Zn) remained bound to the
unfolded polypeptide [38]. Based on the difference in thermodynamic
stability for the two redox forms, we predicted that the Cu in unfolded
azurin has a reduction potential 0.13 V higher than that in folded
azurin [38]; subsequent cyclic-voltammetry experiments conﬁrmed
this prediction (20 °C, pH 7) [36]. The high Cu reduction potential in
the unfolded state was rationalized by a trigonal metal-coordination
that favored the Cu1+ form. Using extended X-ray absorption ﬁne
structure (EXAFS) experiments in combination with single-site mu-
tants and peptides, we elucidated that Cys112, His117 and Met121
are the three Cu ligands in unfolded azurin [39, 40]. Thermodynamic
cycles demonstrated that the metals greatly stabilize the folded state
azurin; zinc-, Cu1+-, and Cu2+-forms of azurin have thermodynamic
stabilities of 39, 40, and 52 kJ/mol, respectively whereas the stability
of apo-azurin is 29 kJ/mol (pH 7, 20 °C) [38, 41, 42].Unfolded Azurin
Free Cu
< ms
Folding
7 ms
Fig. 4. A. The two extreme paths to active holoazurin: ﬁrst polypeptide folding, then copper
by polypeptide folding. Time scales for the different steps are indicated.To address possible pathways for formation of active azurin
(i.e., folded protein with Cu in the active site), we investigated
the time scales for the two extreme scenarios (Fig. 4), Cu binding
before polypeptide folding (Pathway 1) and copper-binding after
polypeptide folding (Pathway 2). The folding and unfolding kinet-
ics for apo-azurin follows two-state behavior [42–44]. The extrap-
olated folding time in water (τ ~7 ms) is fast whereas Cu uptake
by folded apo-azurin, which governs active protein through Path-
way 2, is slow (i.e., τ ~min-to-hours depending on protein-to-
copper excess) [43, 44]. In contrast, we found the formation of ac-
tive (holo) azurin to be much faster when the polypeptide folds in
the presence of Cu [43, 44]. We concluded that in these latter ex-
periments, active azurin formation follows Pathway 1, with rapid
Cu uptake before polypeptide folding. Thus, introducing Cu prior
to protein folding results in more than 1000-fold faster formation
of active azurin [43, 44]. Thus, if time of biosynthesis should be
minimized in the cell, Cu coordination before folding is the best
approach.Active Azurin
Folding
10 ms
Free Cu
min to hrs
binding to the folded apo-protein and, copper binding to the unfolded protein followed
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with metal we turned to ϕ-value analysis. Here we used Zn instead
of Cu as the holo-form; as zinc is inert, unwanted Cu redox reactions
are avoided, which otherwise hamper the measurements. Our initial
focus was on 8 core residues found by others to be so-called “struc-
tural determinants” in 94% of all sandwich-like proteins, including
blue-copper proteins like azurin [45]. Interestingly, in the apo-form
of azurin, we found that half of the structural determinant residues
were important for folding mechanism (i.e., high ϕ-values) whereas
the other half instead contributed largely to native-state stability
[46, 47]. This ﬁnding indicated that residues may be conserved for
mechanistic reasons, a topic of controversy in the folding community.
To get a more complete picture of apo-azurin's transition state
structure, we extended the ϕ−value analysis to 18 positions
covering all secondary structure elements. Based on our data, apo-
azurin's folding nucleus appears highly polarized to a few core resi-
dues (e.g., Val31, Leu33 and Leu50) which have ϕ-values of 1 [46,
48]. In contrast to apo-azurin, the semi-logarithmic plot of zinc-
substituted azurin folding and unfolding rate constants versus dena-
turant concentration exhibits pronounced curvature in both folding
and unfolding arms [42]. We could assign the curvature to movement
of the transition state as a function of denaturant concentration. At
low concentrations of denaturant the transition state occurs early in
the folding reaction, whereas at high denaturant concentration it
moves closer to the native structure. Using ϕ-value analysis on the
data for the zinc-substituted variants we could, therefore, probe the
growth of the transition-state structure with residue-speciﬁc resolu-
tion. We found delocalized interactions taking place throughout the
protein that gradually grow more native-like around a few residues
centered in the core when the transition state becomes more and
more organized [49].
The dramatic difference in apparent kinetic behavior for the two
forms of azurin was rationalized as a minor alteration on a common
free energy proﬁle that exhibits a broad activation barrier. We specu-
lated that the ﬁxed transition state for apo-azurin may be a result of a
small pointed feature projecting from the top of an otherwise broad
free energy proﬁle. The presence of zinc suppresses this local bump
and the activation barrier becomes broad. The reason for the energet-
ic bump in the apo-protein's energy landscape was later explained by
complete water removal in the apo-protein folding-transition state
whereas zinc-substituted azurin's folding-transition state contained
weakly bound water molecules [50].
4. Cytoplasmic copper chaperone Atox1
The human Cu chaperone Atox1 (also known as Hah1) is a 68-
residue protein with a ferredoxin-like fold and a MxCxxC motif that
binds one Cu1+ via the two conserved Cys [23, 33, 51] (Fig. 3). We
compared in vitro unfolding and stability of Atox1 with the same
properties of the bacterial homolog Bacillus subtilis CopZ as a function
of Cu [52]. We discovered that unfolding of both apo- and Cu1+-
forms of CopZ and Atox1, induced by GuHCl and thermal perturba-
tion, are reversible two-state reactions. Despite the same overall
structure, the apo-form of CopZ has more than 20 °C lower thermal
stability as compared to the apo-form of Atox1. Variations in
surface-charges may explain this difference between the proteins on
a molecular level [33]. Although the Cu site is located in a loop at
the protein surface, Cu binding increases thermal and chemical stabil-
ity of the two proteins, with the largest effects found for CopZ. This
suggests that interaction with Cu induces rearrangements throughout
the protein structure that improves overall stability [52].
To assess the molecular origin of the stability differences between
Atox1 and CopZ, we used a combination of quantum-mechanical
molecular-mechanics (QM-MM) and molecular dynamics (MD) com-
putational methods [53]. We discovered that the QM-MM optimized
Cu1+ geometries differ between the two holo-proteins despite theidentical nature of the Cu ligands. Cu1+ in Atox1 favors a linear
Cys(S)–Cu–Cys(S) arrangement whereas this angle is close to 150°
in CopZ. Both proteins become less dynamic in the presence of Cu:
Cu binding to CopZ has the largest effect which matches our in vitro
stability data. Both average ﬂuctuation and radius of gyration data
demonstrate that the effects of Cu coordination extend throughout
the proteins. For both, we discovered a bi-phasic distribution of
Cys(S)–Cys(S) distances in the apo-forms that are separated by 0.5–
1 kcal/mol barriers. We propose that the conformations with long
Cys(S)–Cys(S) distances play key roles in Cu uptake and release in
this group of proteins [53].
Several residues that are not interacting directly with the Cu are
conserved in this group of proteins. For example, Met10 in the Cu-
binding loop is completely conserved and Lys60 in Atox1 is always
a Lys in eukaryotes but a Tyr in prokaryotes. In the yeast system,
this Lys residue was shown to be important for Cu delivery to Ccc2
and for Atx1 antioxidant activity [54]. Also, in the crystal structure
of the human Atox1 dimer Lys60 was involved in hydrogen bonding
across the dimer interface [51]. What roles do conserved residues
play for chaperone stability, structural dynamics and target interac-
tions? The ﬁrst answers to this came from characterization of Cu re-
lease from wild-type Atox1 and two point mutants (Met10Ala and
Lys60Ala Atox1). The dynamics of Cu displacement from holo-Atox1
were measured using the Cu1+ chelator, BCA (bicinchonic acid) as
the metal acceptor. BCA removes Cu from Atox1 in a three-step pro-
cess involving bimolecular formation of an initial Atox1–Cu–BCA
complex followed by dissociation of Atox1 and the binding of a sec-
ond BCA to generate apo-Atox1 and Cu–BCA2 [55]. This copper-
bridged protein-chelator complex may kinetically mimic a ternary
chaperone-Cu-target adduct involved in metal transfer in vivo. Both
mutants lose Cu more readily than wild-type Atox1 due to more
rapid and facile displacement of the protein from the Atox1–Cu–
BCA intermediate by the second BCA. Remarkably, we found that
Cu1+ uptake from solution by BCA is much slower than the transfer
from holo-Atox1 [55]. This result suggests that Cu chaperones play a
role in making Cu rapidly accessible to substrates, in addition to pro-
viding transfer speciﬁcity.
To investigate the roles of these residues further, we also sub-
jected the mutated Atox1 variants (adding Thr11Ala since position
11 is conserved as Thr in all eukaryotes and Lys60Tyr since this posi-
tion is a Tyr in prokaryotes) to MD simulations [56]. Surprisingly, both
apo and holo Atox1 becomes more rigid in the absence of either
Thr11 or Lys60 suggesting that these residues introduce protein ﬂex-
ibility. Moreover, Lys60 and Thr11 were found to participate in elec-
trostatic networks that stabilize the Cu-bound form and, in the apo-
form, determine the solvent exposure of the two Cys. In contrast, a
substitution of Met10 that is buried in the hydrophobic core of
Atox1 results in a protein with more structural dynamics. Similar
trends in rigidity, structural dynamics and interaction networks
were found in corresponding point-mutated CopZ variants [57].
5. Target WND domains and interaction with Atox1
A vectorial transfer mechanism where Cu moves from Atox1 to
one of the six metal-binding domains in WND (or MNK) through
transient copper-bridged hetero-dimers (Fig. 5A) has been proposed
[51, 58, 59]:
Cu−Atox1þWND⇔Atox1−Cu−WND⇔Atox1
þ Cu−WND Scheme1
During this interaction, Cu is thought to undergo a series of rapid
associative exchange reactions involving two- or three-coordinated
Cu-sulfur intermediates. This mechanism provides an avenue for a
diffusion-driven movement of the Cu ion from one site to another
on the basis of small differences in binding constants [59]. Recent
AB
Fig. 5. A. Model of a Atox1–Cu–WD4 hetero-complex based on the NMR structure of
Cu–Atox1 and Menke's metal binding domain 1, MNK1 (2K1R.pdb) with MNK1
replaced by WND4 (taken from the NMR structure of WND34, 2ROP.pdb). B. Reaction
mechanism of the Cu-transfer reaction based on QM/MM calculations. The ﬁgure
shows schematic illustrations of the cysteines involved in Cu coordination of the reac-
tant, two three-coordinated intermediates and the product.
1599M.E. Palm-Espling et al. / Biochimica et Biophysica Acta 1823 (2012) 1594–1603work showed that the second Cys in Atox1, Cys15, has a much lower
pKa than the corresponding Cys in the target, which results in de-
creased nucleophilicity which makes Atox1's Cys15 a better leaving
group [60].
Recent NMR data suggest that Atox1 can deliver Cu to all WNDs
but that it only forms a stable hetero-complex with WND1, WND3
and WND4 [61]. However, conﬂicting results regarding whichdomains form stable hetero-complexes have been reported [58, 62].
To independently select a suitable WND metal-binding domain for
in vitro Cu-transfer studies with Atox1, we subjected all six WND do-
mains (WND1–WND6) without and with Cu in the metal site to MD
simulations [63]. Our results reveal molecular features that vary dis-
tinctly among the 6 WNDs. Whereas WND1, WND2, and WND6
have well-deﬁned Cu loop conformations stabilized by a network of
interactions, WND4 and WND5 exhibit greater loop ﬂexibility and,
in WND4, helix α1 unwinds and rewinds. WND3, which has lowest
sequence identity, behaves differently and its Cu loop is rigid with re-
spect to the rest of the domain. Cu coordination reduces structural dy-
namics in all domains but WND4. Simulations of the six different
Atox1–WND hetero-complexes provided insights into intermolecular
interactions [63]. We found that WND4 binds most strongly to holo-
Atox1, with electrostatic interactions having the greatest contribu-
tion. This was expected based on the surface electrostatic potential
of the individual domains, which predicted that the complementary
charge surface would be maximized in the Atox1–WND4 hetero-
complex [18]. Based on this we selected WND4 as an appropriate tar-
get for in vitro work.
We note that presence of other domains, as will be the case in
vivo, may affect the dynamics and structure of individual WND do-
mains. To make a simple test of this, we performed MD simulations
on three two-domain constructs in apo and holo forms (WND12,
WND34, and WND56). NMR work on WND56 had revealed earlier
that these two domains, connected with a short linked, interacted
with each other and behaved as a single dynamic unit in solution
[62]. We ﬁnd that when linked together, for all three two-domain
constructs, the domains do not act as individual units but instead ex-
hibit a distinct pattern of correlated motions, which are domain-
dependent and modulated by the presence of Cu [64]. Conformational
plasticity and degree of reorientation did not correlate with linker
length, suggesting strong inter-domain communication regardless of
the linker. Our computational ﬁndings on the two-domain constructs
suggest that cooperativity and long-range communication between
domains may be signiﬁcant for the in vivo function.
To detect interactions between Atox1 andWND4 in vitro, near-UV
CD became a useful tool as the hetero-complex was found to have dis-
tinct spectral features. Upon mixing of Cu-Atox1 with WND4, a
hetero-complex could be detected that was dependent on the pres-
ence of Cu [65]. Gel-ﬁltration analysis revealed that this mixture is
heterogeneous: there is a signiﬁcant fraction of hetero-complex but
also some Cu–WND4 (i.e., transfer has been completed) and some
Cu–Atox1 (protein that never reacted). Using CD and gel-ﬁltration
we analyzed the interaction between the Atox1 variants and WND4
[65]. Although there was less hetero-complex and less transfer with
the Thr11Ala and Met10Ala variants, there was a reaction. In sharp
contrast, with Cu-loaded Lys60Ala Atox1, there was no hetero-
complex and no transfer to WND4 observed. This demonstrates the
importance of the electrostatic attraction provided by Lys60 for com-
plex formation as noted earlier in the yeast system [54].
To reveal the reaction mechanism (i.e., probable intermediates, Cu
coordination geometries, activation barriers, and energetic) of copper
transfer from Atox1 to WND4, we turned to QM/MM methods [66].
Here, the Cu ion and the four methylthiolate groups form the QM sub-
system whereas the rest of the system (protein and solvent) corre-
sponds to the MM system. After assessing the existence of all
possible 2-, 3- and 4-coordinate Cu-intermediate species, one domi-
nant reaction path emerged (Fig. 5B). First, without activation barrier,
WD4's most N-terminal Cys binds Cu in Atox1 to form a 3-
coordinated intermediate. Next, with activation barrier of about
9.5 kcal/mol, a second 3-coordinated intermediate forms that in-
volves both Cys in WD4 and Cys12 of Atox1. This species can then
form the product by de-coordination of Atox1's Cys12 (barrier of
about 8 kcal/mol). Similar mechanisms involving 3-coordinated in-
termediates (using one Cys from the chaperone and 2 Cys from the
1600 M.E. Palm-Espling et al. / Biochimica et Biophysica Acta 1823 (2012) 1594–1603target) have been proposed based on mutational studies for yeast
Atx1–Ccc2 and human Atox1–MNK1 complexes [67, 68]. Overall,
the Cu-transfer reaction from Atox1 to WD4 appears kinetically ac-
cessible but less energetically favorable (ΔE=7.7 kcal/mol) [66].
Our calculations give predicted values for kinetics and energetics
that can be tested experimentally in vitro.
6. Multi-copper oxidases Fet3p and ceruloplasmin
To address the role of Cu in folding and stability of more complex
systems (i.e., with multi-domain structures and multiple Cu sites), we
characterized two multi-copper oxidases (MCOs): human ceruloplas-
min and yeast Fet3p (Fig. 3). Despite that unfolding is irreversible for
both proteins, the work on these systems demonstrates that one may
still extract a great deal of information about folding/unfolding/bind-
ing mechanisms. More than 1000 proteins have been identiﬁed as
MCOs based on the multiples of the cupredoxin (i.e., same as in
azurin) motifs they contain [69]. The majority of the known MCOs
contain three cupredoxin domains and four Cu ions distributed in
three distinct sites [69] (see Fet3p, Fig. 3).
Human ceruloplasmin (CP) plays an important role in iron metab-
olism due to its ability to oxidize Fe2+ to Fe3+ which allows for sub-
sequent incorporation of Fe3+ into apotransferrin [70]. The protein
has six β−barrel domains with one type-1 (T1) Cu in each of domains
2, 4 and 6; the remaining Cu ions form a catalytic tri-nuclear cluster,
one type-2 (T2) and two type-3 (T3) coppers, at the interface be-
tween domains 1 and 6. First, we characterized urea-induced unfold-
ing of holo- and apo-forms of CP by a range of probes (pH 7, 20 °C)
[71]. We found that holo-CP unfolds in a complex reaction at these
conditions with at least one equilibrium intermediate. Formation of
the intermediate correlated with decreased secondary structure, ex-
posure of aromatics, loss of two coppers and reduced oxidase activity.
This step was reversible, indicating that the tri-nuclear cluster
remained intact. Further additions of urea triggered a complete
unfolding of the protein and loss of all coppers. Attempts to refold
this species resulted in an inactive apo-protein with molten-globule
characteristics. The apo-form of CP also unfolds in a multi-step reac-
tion and correct refolding was possible from the intermediate but
not from the unfolded state. These observations demonstrate that
unfolding of CP involves intermediates and the copper ions are re-
moved in steps [71]. When the catalytic Cu site is ﬁnally destroyed,
refolding is not possible at neutral pH. This implies a mechanistic
role for the tri-nuclear Cu cluster as an early nucleation point, align-
ing domains 1 and 6, during in vivo biosynthesis of functional CP.
We also assessed the role of the coppers in CP thermal stability.
For this, we probed the thermal unfolding process as a function of
scan rate of holo- and apo-forms again with a combination of detec-
tion methods [72]. Both apo- and holo-forms of CP undergo irrevers-
ible thermal reactions to denatured states with signiﬁcant residual
structure. The spectroscopic signals for these species are similar to
the dead-end molten globule found in the urea experiments. For
identical scan rates, the thermal midpoint appears at 15–20° higher
temperatures for the holo- as compared to the apo-form. The thermal
data for both CP forms were ﬁt by a mechanistic model involving two
consecutive, irreversible steps (N→ I→D) [72]. The thermal holo-
intermediate, I, has lost two Cu ions (one blue T1) and secondary
structure in at least one domain; however, the tri-nuclear Cu cluster
remains intact as it is functional in oxidase activity. Thus, the urea-
induced and the thermal I are similar in many aspects.
The activation parameters obtained from the ﬁts to the thermal
transitions were used to assess the kinetic stability of apo- and
holo-forms of CP at a physiological temperature of 37 °C [72]. From
the analysis, it emerged that native CP (i.e., with 6 coppers) is rather
unstable and converts to I in less than a day at 37 °C. Nonetheless, this
form remains intact for over 2 weeks and may be a biologically-
relevant state of CP in vivo. In the absence of all coppers, CP is evenmore unstable; apo-CP is completely unfolded in less than 2 days at
37 °C. The low kinetic stability of apo-CP may correlate with its
rapid degradation in vivo in various disease conditions.
To speciﬁcally probe the role of each Cu site in unfolding/stability
of an MCO system, we turned to Saccharomyces cerevisiae Fet3p that
contains three β-barrel domains and four Cu ions located in three
metal sites (T1 in domain 3; T2 and the binuclear T3 at the interface
between domains 1 and 3) (Fig. 3). In contrast to CP, a collection of
de-metallated forms of Fet3p has been prepared and electronic and
redox properties of each Cu site have been characterized [69, 73].
The partially-metallated Fet3p forms are designated T1D, T2D and
T1D/T2D (D, depleted), in which the T1, T2, or both the T1 and T2
Cu ions are absent. We assessed thermal unfolding of these various
forms of Fet3p using spectroscopic and calorimetric methods in
vitro (pH 7) [17].
Like apo- and holo-forms of CP, thermal unfolding of apo- and the
different holo-forms of Fet3p is irreversible. The domains in apo-
Fet3p unfold sequentially (Tm of 45, 62 and 72 °C; 1 K/min). Addition
of T3 (i.e., the T1D/T2D variant) imposes strain in the apo-structure
that results in coupled domain unfolding and low stability (Tm of
50 °C; 1 K/min). Further inclusion of T2 (i.e., the T1D variant) in-
creases overall stability by ~5 °C but unfolding remains coupled in
one step. Introduction of T1, producing fully-loaded holo-Fet3p (or
in the absence of T2, i.e., the T2D variant), results in stabilization of
domain 3, which uncouples unfolding of the domains. For the wild-
type holo-form, unfolding of domain 2 occurs ﬁrst along with Cu-
site perturbations (Tm 50–55 °C; 1 K/min), followed by unfolding of
domains 1 and 3 (~65–70 °C; 1 K/min). That unfolding of domains 1
and 3 are coupled, is likely due to the T3 coppers “stitching” these do-
mains together. Our data articulates the importance of T3 in holding
the Fet3p trimeric structure together [17] whichmay be a general fea-
ture of MCO proteins as the same conclusion was made for CP. The
closed structural arrangement is required for Fet3p function but,
nonetheless, results in loss of overall protein stability as compared
to the nonfunctional apo-form of Fet3p. Fet3p, thus, is an example
of a biological situation in which trade-offs between stability and
structure is mediated by metal ions to obtain a desired function.
7. Other copper-binding proteins
In addition to the already discussed proteins, there is in vitro fold-
ing/stability data reported for a few other copper-binding proteins
(i.e., SOD, CotA, McoA, and SCO). The superoxide dismutase (SOD)
family of protein is a large class of metalloproteins that catalyze the
conversion of superoxide to hydrogen peroxide and are an important
component of the antioxidant defense in the cell. SOD is made up
from two identical subunits (each monomer is ~16 kDa) held togeth-
er by hydrophobic interactions and an inter-protein disulﬁde bridge.
In Cu/Zn SOD (which contains one Cu and one Zn), Cu is involved in
the catalytic reaction whereas Zn plays a structural role [74]. Al-
though in vitro equilibrium unfolding of SOD is not two-state, it is
clear that the holo-form is more stable that the apo-form towards
chemical perturbation and towards acid-induced denaturation [75].
NMR studies revealed that Cu and Zn stabilize the β-barrel fold of
via reduction of local unfolding [76]. Recent in-cell NMR experiments
probed the initial assembly steps of human Cu/Zn SOD1 in Escherichia
coli cells. It was found that in contrast to in vitro, only one Zn ion be-
came bound. Cu binding and disulﬁde bond formation did not occur
in these experiments, and the authors thus suggested that these
steps may require chaperones in vivo [77].
The laccase protein CotA from Bacillus subtilis belongs to the MCO
family and has been subjected to quite extensive folding and stability
studies. Similar to the other MCO proteins (e.g., Fet3p), the overall
fold of CotA comprises three cupredoxin-like domains and accommo-
dates 4 Cu ions in T1 and T2/T3 sites [78]. Recombinant CotA can be
produced in E.coli in copper-supplementedmedia under microaerobic
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(resulting in lower cellular Cu levels), the catalytic efﬁciency of puri-
ﬁed CotA was markedly reduced and some alterations of the T2/T3
center geometry were detected by EPR. The authors hypothesized
that at conditions when intracellular levels of Cu are limited, CotA
fails to fold into its native conformation, indicating that Cu might be
required for proper folding of CotA in vivo [79]. This correlates with
our ﬁnding on ceruloplasmin and Fet3p described earlier.
The importance of the T1 Cu site for CotA enzymatic activity and
thermodymanic stability was interrogated using mutational analysis
[80]. Replacement of the axial Cu ligand (i.e. Met50) by non-ligating
residues (i.e., Leu and Phe) leads to an increase in the Cu2+ reduction
potential by approximately 100 mV relative to that of the wild-type
protein. Although the T1 mutations did not perturb either the overall
geometry of the T1 Cu site nor global protein structure, the catalytic
activity (using a range of substrates) of the T1-site mutants was se-
verely compromised. Equilibrium unfolding of CotA was affected by
the mutations: in contrast to the wild type CotA, unfolding of T1-
site mutants involved an equilibrium intermediate.
McoA from Aquifex aeolicus is closely related to CotA and, as
expected for a thermophile, it withstands high temperatures: unfold-
ing of partially Cu-loaded McoA occurs not until 110 °C [81]. In the
fully Cu-loaded state, McoA resists unfolding even at 130 °C, which
indicates a strong stabilizing effect of the Cu ions. Despite its high
thermal stability, McoA is sensitive to the presence of the chemical
denaturant, GuHCl. Even concentrations less than 0.2 M of GuHCl
cause bleaching of Cu from the trinuclear center and, as a result,
loss of enzymatic activity. Despite this, kinetic measurements indicat-
ed that presence of Cu has a stabilizing effect on McoA via Cu-induced
reduction of the unfolding speed.
The SCO protein from B. subtilis is involved in the assembly of the
CuA center in the cytochrome c oxidase complex [82]. SCO has a thior-
edoxin fold and three Cu-binding residues: a pair of Cys in a CxxxC
motif and a His about 100 residues towards the C terminus. SCO has
been proposed to facilitate direct delivery of Cu ions to the CuAsite,
and/or maintain the appropriate redox state of the Cys side chains
during formation of CuA. SCO binds Cu in both redox states, but has
a million-fold higher afﬁnity for oxidized Cu [83]. Chemical and ther-
mal stability measurements of apo- and Cu2+-forms of SCO demon-
strated that the apo-form of SCO unfolds readily and exhibits two-
state behavior whereas the Cu2+ complex of SCO is stable in up to
9 M urea [84]. The effect of copper on SCO folding is complicated by
a rapid redox reaction between copper and the cysteines in unfolded
SCO. Nonetheless, when apo-SCO is refolded in the presence of Cu
some of the population is recovered as the folded holo-protein.
Based on the data, it was proposed that the presence of copper during
folding may be detrimental for SCO attaining its functional state [84].
8. Platinum interactions with Cu proteins
Problems in Cu metabolism (due to Cu overload, protein muta-
tions or external factors) may result in non-functional Cu-protein in-
teractions that are harmful for cells. For example, binding of Cu (and
other metals) has been found to speed up ﬁbrillation of amyloid-beta
peptides [85]. Moreover, binding of Cu decreases the stability of the
prion protein resulting in misfolding to the disease-causing form
[86]. On the other hand, and to be discussed in this section, therapeu-
tically added metals may interact with cellular Cu proteins and there-
by lose their medical efﬁciency and/or alter the activity of the Cu
protein.
Cisplatin (cisPt), Pt(II)(NH3)2Cl2, is an anti-cancer drug believed to
kill cells via DNA binding and damage. Recent work has implied that
the Cu transport machinery may be involved in cisPt cell export and
drug resistance [87]. Using bacterial and hepatocytes/hepatoma cell
assays, two studies reported that cisPt could bind to the metal-
binding domains of WND, although it was unclear where in thepolypeptide the binding site(s) were located [88, 89]. One may
argue that since theWNDmetal-binding domains are similar in struc-
ture to Atox1, the chaperone will also be able to interact with cisPt
[90]. This was conﬁrmed when crystal structures of human Atox1 in
complex with Pt were reported [91]. In one of the crystal structures,
a one-to-one complex was found and Pt was stripped of all its ligands
and coordinated Cys12 and Cys15 in Atox1 along with an external
TCEP (reducing agent) ligand. Recently, in-cell NMR experiments
revealed the presence of interactions between cisPt and apo-Atox1
inside of E. coli cells upon Atox1 over-expression [92].
To better understand the interplay between cisPt and Atox1 in so-
lution, we investigated cisPt interactions with both apo- and Cu-
loaded forms of Atox1 by far- and near-UV circular dichroism (CD)
and NMR in vitro [93]. We found that at cisPt and Atox1 concentra-
tions similar to in vivo and physiological conditions, cisPt binds to
the protein in the absence as well as in the presence of Cu. We dem-
onstrated that when cisPt binds to Cu-loaded Atox1 there is no loss of
Cu. Based on the appearance of new near-UV CD signals at wave-
lengths above 300 nm that are similar to those found for metalloclus-
ters in metallothioneins (MTs), we concluded that cisPt is close to the
Cu ion when bound to Atox1. This would be the case if both Cu and
cisPt occupy Atox1's metal-binding site; perhaps cisPt coordinates
one of the two Cys residues normally acting as Cu ligands? Metal–
metal d8–d10 (i.e., Pt–Cu) interactions have been observed in model
systems and theoretical calculations indicate that these metal–metal
signals are similar to d10–d10 interactions (as found in MTs) [94, 95].
The cisPt–Atox1/cisPt–Cu–Atox1 complexes are not stable over
time and the protein unfolds and aggregates within hours to days
(at physiological conditions) [93]. Our study suggests a possible in-
cell mechanism for cisPt drug resistance involving Atox1: by binding
to Atox1 in the cytoplasm after cell uptake, cisPt transport to the cell
nucleus is blocked. The folded Atox1–cisPt species may facilitate
transfer of cisPt to WND, for WND-mediated cell export, or simply
act as a ‘sink’. Based on the high similarity, we predict that cisPt
may also bind to the WND metal-binding domains in or near their
Cu sites.
9. Outlook
Biophysical understanding of how Cu interactions affect folding,
stability and conformational dynamics of Cu-binding proteins is an
important complement to structural data and in vivo assays. Despite
a wealth of studies of protein folding reactions, there has been less
focus on the folding processes of metal-binding proteins. It emerges
that the roles of Cu ions in protein stability and folding in vitro can
vary dramatically. For example, the Cu in azurin stabilizes the protein
dramatically whereas in beta-2-microglobulin Cu binding results in
destabilization [96]. It is also clear that Cu is able to bind speciﬁcally
to unfolded, as well as partially-folded, structures in vitro and thereby
affect folding reactions. The next step in this ﬁeld is to relate the in
vitro observations to in vivo conditions. The situation inside of cells
is more complex than a dilute buffer system and one should use cau-
tion before extrapolating in vitro conclusions to the in vivo scenario.
In addition to the environments in cells being highly crowded with
macromolecules (resulting in excluded volume effects and increase
of nonspeciﬁc interactions) [97], protein production follows different
paths depending on the ﬁnal destination of the protein. Thus, in addi-
tion to folding, many proteins need to be transported through mem-
branes (often in their unfolded state) to reach their target
compartment. To pinpoint the in vivo interplay between folding and
metal acquisition for Cu proteins, the spatial and temporal location
of Cu loading must be analyzed together with accurate description
of the available metal pool in cellular compartments. It has been pro-
posed that the ion distribution of the cellular compartment in which a
protein folds may control metal speciﬁcity in proteins with binding
sites suitable for more than one kind of metal [98]. In-cell NMR
1602 M.E. Palm-Espling et al. / Biochimica et Biophysica Acta 1823 (2012) 1594–1603spectroscopy appears as a promising new tool to reach the next level
of understanding of Cu proteins [99].
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